Although one can delineate some trends in current thinking, we should reflect on the ability of working scientists to predict the future. It is poor.* Therefore, though trends now seem to be identifiable with relative clarity, we recognize that fields change rapidly, and we acknowledge that the topic discussed here represents a certain level of hubris. Nevertheless, the last 10 years have seen some remarkable changes. From an original description of apoptosis as inherently a phenomenon of morphology, we have moved to a much more comprehensive understanding of the molecular origins of that morphology, including at least partial understanding of the roles of proteases and nucleases in creating the hallmarks of apoptosis. Many of these advances derive from the cloning and identification of Caenorhabditis genes, which opened the entire horizon of proteases, and led directly to identification of the role of mitochondria in apoptosis. 1 ± 10 Similarly, identification of pro-and anti-apoptosis mechanisms in human cells (fas and p53; bcl2) and in bacteria and viruses (p35, crmA) has allowed us to glimpse intracellular signaling. For a few specific situations, we can now trace a complete sequence controlling the survival of a cell. 11 ± 23 Nevertheless, the clarity of these sequences is a bit meretricious. The inherent elegance and simplicity of these concepts (albeit not of the sequences ± the simplicity is in the linearity of the scheme) belie at least two orders of complication. The first of these is that, in real life as opposed to a very controlled laboratory setting, signaling and transduction are often not linear but are dependent on very specific aspects of cell history and current state. The phase in which researchers expected a linear sequence of events, for instance from signal to transduction to gene activation to caspase activation, is over: The role of a given protein may be entirely contextual. Secondly, as the linear sequences are more precisely defined, it has become apparent that there are many variants to both the broad schemes and the more subtle details. Both of these limitations suggest that it is now time to bring the molecular biology to bear on the somewhat messier situations of apoptosis in vivo and in the situations of sedentary, large, highly differentiated post-mitotic cells, which rarely follow a conventional sequence of apoptosis. We need to accept the idea that the model of apoptosis based on cells of hematopoietic origin is an extremely important paradigm, but it is not universal.
Cells and cell deaths in context
The role of context may be illustrated by a few examples. Different TNF receptors play different roles in NFkB dependent and independent pathways. TNFRI often induces apoptotic signals but in other circumstances is antiapoptotic. 24 In chick and duck embryos, both condensation of cartilage to form a digit and cell death result from the interactions of BMP, FGFB, and noggin, but the reason for the different responses remains unknown. 25 Even the paradigmatic inducer of apoptosis, myc, is now consigned to a subtler role: rather than causing apoptosis in some circumstances, myc sensitizes a cell to many inducers of apoptosis;`myc increases the probability of apoptosis'. 26, 27 Types of cell death: caspases, proteases, and autophagic cell death For several years a major discussion point was definition of the type of cell death: apoptosis, programmed, active, physiological, necrotic. Elucidation of some of the molecular pathways has resolved some of these issues, but has indicated that there is sufficient variation that one needs either to take a larger view of the meaning of the word`apoptosis' or to consider apoptosis to be one of a family of physiological cell deaths. For instance, in the last 10 years caspases have been identified as major players in apoptosis, and have even been proposed as the defining element of apoptosis, 28 but we also now recognize that the certainly powerful caspase pathway is not necessary to kill cells. Although the discovery of the caspase-mitochondrial pathways unequivocally counts as one of the triumphs of this decade, 29 ± 37 we are now beginning to recognize limits and complications that we need to explore. 38 ± 41 This is typical of a rapidly-moving and exciting field: the brilliance of the concept draws many researchers who, while not *Our sense of the reliability of predictions derives from an experience one of us (RA Lockshin) had as an undergraduate and graduate at a well known institution. He twice got very high grades from prominent scientists for totally missing the point. In one, he reviewed the brandnew Medawar and Burnet clonal selection theory, which he dismissed as the old Landsteiner theory with a modern vocabulary. In the other, he had unearthed a relatively obscure reference that contended that, if baby guinea pigs were thymectomized, they would appear to do all right (as did rats) but eventually they became cachectic and died. With appropriate scorn, he noted that better animal husbandry would resolve the problem. He thereby learned that senior scientists are not routinely clairvoyant. In the legalistic sense currently preferred in North America, Europe and elsewhere, the above remarks constitute the legal disclaimer.
undermining the concept, realize that it must be nuanced. For instance, the protease that initiates degradation of chromatin is likely not to be a caspase. 42, 43 In many instances cells in which caspases are blocked or knocked out will die, even though they do not acquire apoptotic morphology. They look more like cells with elaborately developed autophagy, a form of death that is encountered, more commonly than acknowledged, in large postmitotic epithelial and other cells, including insect organs and mammary epithelium. In these cells, lysosomal and perhaps other proteases are activated, though the role of proteasomal proteases remains equivocal. 44, 45 There is growing recognition that autophagic death is not a caspase death and that, in cells destined to die (such as neurons in the absence of NGF) inhibition of caspases may prevent development of apoptotic morphology but neither autophagy nor death of the cell. 46 There are autophagic pathways even in thymocytes. 47 In other instances, granzymes play more complex and subtle roles than the original`bludgeoning' model suggested. 48, 49 We have come full circle, now returning to the investigation of autophagic death that was popular 30 ± 40 years ago. Levi-Montalcini and Aloe noted in 1981 that the types of death of neurons depended on their state of differentiation 50 and Schweichel and Merker 51 and Potten 52 attempted to classify different types of death. These and other variations help to understand why caspase or apaf-1 knockouts, for instance, may yield only modest phenotypes. First, cells may follow parallel or complementary pathways to death, so that knockout of the normal system simply routes the cell through another pathway. Second, embryonic development is highly redundant and embryos are wonderfully adept at compensating for deficits by using secondary controls or even other cells to accomplish the same end.
For autophagic cell death, as with the caspases, the apparent segregation between enzyme and potential substrate remains an issue. Both the fact that these enzymes are typically not made immediately prior to cell death but rather exist in an inactive or compartmentalized state and the fact that they or their substrates appear to be translocated suggest that we need to understand much better the mechanisms of intracellular trafficking and compartmentalization. An entire field remains to be explored. 53 Also, the physiologies of deaths may differ. We recognize this in acknowledging that the original image of programmed cell death, deriving from developmental biology, was that cell death required protein synthesis. Today, we commonly induce apoptosis by exposing cells to cycloheximide, addressing the contradiction by assuming that the machinery has already been synthesized. In vertebrate (frog and fish) embryos, the ability to undergo apoptosis is acquired during the mid-blastula period. 54 ± 56 Earlier studies (of programmed cell death) were concerned with the upregulation of genes inducing cell death. Among the genes commonly upregulated in cells dying from deprivation of steroid hormones are those for matrix digesting enzymes, such as stromelysin, collagenase, and cathepsin B, suggesting that a very important event in cell death is its severing its connection with its neighbors, or anomie. Several cell biologists have emphasized the importance of cell shape on cell metabolism. 57 ± 60 These issues are of minimal importance in the case of cells that normally move freely in the body and are studied in suspension culture, but they may be very meaningful for sedentary tissues in vivo and therefore should be considered for all clinical evaluations. Other genes previously attracting interest include genes affecting structure, such as transglutaminase, those now considered to participate in the suppression of inflammation, such as TRPM-2 (SGP2), and genes involved in, or regulating, cell cycle. Their stories are not yet complete, and deserve further attention. Caspases are important enzymes, but, like most biomolecules that are discovered in conjunction with a specific important process, their role is undoubtedly more complex than we picture. For instance, caspases arose in evolution from molecules that presumably had other functions 61 The morphology and molecular biology of cell death
The mechanics and consequences of the morphological changes of apoptosis, including the phosphatidyl serine flip, depolarizations of mitochondrial and cell membranes, and the modest leakiness that permit use of dye-penetration and -escape assays for apoptosis, are not sufficiently investigated. While two-hybrid screens, flow cytometry, and fluorescence microscopy are marvelous tools, they do not effectively resolve the temporal sequence in individual cells; nor do they achieve the spatial resolution of electron microscopy. It is disappointing that electron microscopic investigation of apoptosis is rather demode Â , as there is undoubtedly much that we could learn from electron immunocytochemistry, correlating for instance the movement of caspases, caspase substrates, cytochromes, bcl-2 family members, and other participants in apoptosis. The bcl-2 family is obviously important in cell death, but current controversies regarding the functions and interactions of the several members with themselves, with mitochondria, and with Apaf-1, indicate that we have much to learn. We are always driven by our technology, and our attitudes reflect it. Today our focus is determined primarily by what we can read from the sequence of genes, identify by interactions of two proteins, and observe by fluorescence science (primarily flow cytometry and immunofluorescence) and our sense of what is valid derives primarily by the behavior of cells functioning or reacting in suspension culture. As is noted below (Apoptosis or apoptoses?) we need to seek a technology to evaluate the subtle and chronic in vivo behavior.
The importance of the multiple connections of signaling is most readily connoted by the observation of Hager and Hanahan. 67 They adapted DNA chips to a study of the progress of islet b cells to malignancy, using apoptosissensitive and -resistant lines, and found that no known apoptotic genes or modulators are differentially expressed, and that the genes that are differentially expressed are not obviously apoptosis genes. They conclude that there are multiple mechanisms to develop resistance to apoptosis. This may be shocking but it is not surprising: cells that become resistant to apoptosis typically do not lose the apoptosis machinery; they activate it at a substantially higher threshold. Although in some instances this resistance can be traced to adjustment of a specific molecule such as bcl-2, in many other instances it appears to be metabolic. Fas expression is a function of a metabolic shift to glycolysis; 68 Bcl-2 can sequester a transcriptional repressor such as BTF in the cytoplasm 69 and control the release of palmitate. 70 The status of the mitotic apparatus can directly influence the state of phosphorylation of Bcl-2 and hence its function. 71 More recently, the continuing confusion about the role of ceramide has led researchers to postulate that transient but not chronic rise of ceramide triggers a cascade of events. 72 Failure of researchers to duplicate this transience has led to the confusion. As in similar instances in similar regions of cell biology, the sensing and transduction of a transient signal, as opposed to theory of a chronic elevation that could be monitored by receptors, is not yet tested.
Cell death and disease
While the relationship of apoptosis to disease has been postulated and argued in many settings, on one topic there is a building consensus. In diseases as diverse as AIDS, myocardial infarction, hyperoxia in the lung epithelium, immunological irregularities, and autoimmune disease, there is substantial apoptosis, often including cells that appear not to be seriously damaged but may be bystanders activating their cell death pathways in response to local events. 73 ± 76 In some situations such as MI, massive apoptosis may result in incomplete clearance of apoptotic cells and consequent inflammation. There is growing evidence that the primary antigens of autoimmune disease result from immunization against apoptotic blebs. In all pathological situations, we often know the outline of the origin of the pathology, but we need to understand it with far greater subtlety: the means by which a cell is forced into apoptosis, following what appears to be longterm, chronic stress; by misreading or misdelivery of transcellular signals by other cells (death of bystander cells); by a self-destructive turn of recruitment of phagocytic attack when a chronic infection allows T-cells to be recruited to destroy apoptotic blebs (in autoimmune disease); or the subtle changes in development or cancer in which, without abrogating the apoptotic response, patterns in which cell death occurs are shifted or the sensitivity of cells to normal controls is altered.
At the end of the twentieth century it is clear that the understanding of apoptosis will have an important impact in medicine but where and when it will move above the clinical horizon is not yet defined. Even though fundamental issues of apoptosis were defined by oncological processes ± the discovery of bcl-2 from B-Cell Lymphoma, and the realization that mutation of p53 affects apoptosis as well as cell cycle, come to mind ± most oncologists are not yet obviously considering the role of apoptosis in tumors, and focus remains essentially entirely on perfecting antimetabolites and antimitotics. Gynecologists, obstetricians, and developmental neurologists are more concerned, as are gerontologists concerned with deterioration in the CNS and in immune function. In contrast, several biotechnology companies are eagerly exploring clinical relevance, and some clinical laboratories are, curiously and perhaps embarrassingly, beginning to report`apoptosis' figures in clinical laboratory reports (`reference range: 0 ± 5%'). In 1999, the clinical world is variably interested in the subject, but overall does not know what to make of it. One problem is our habit of thinking generically about apoptosis' in the sense that a lay audience might ask for an interpretation of`cancer' or`infection'. Before the measurement and regulation of apoptosis can become a clinically important approach, we will need to face several issues:
(a) As we measure apoptosis today, we detect only the ®nal phases, perhaps the last 10% of dying, and are missing a potentially extensive prologue. It is as if we practiced medicine by taking an interest in patients only when they were moribund. Medical application to prevent apoptosis will require greater knowledge about how the cells reached that state. (b) Our understanding today is that cells may become resistant to apoptosis (such as those of B-cell lymphomas or those 50% of tumors that mutate p53) but that they do not lose the capacity to undergo apoptosis: they reset the threshold. Thus the intermediary metabolism and cell biology of the affected cell are very important and may play substantial roles in clinical applications, as is noted in the next point. (c) The term`apoptosis' is used as a shibboleth to cover many issues, but we will need not to control`apoptosis' but to regulate the fate of very speci®c cells. The targeting of control agents to speci®c cells or tissues is likely to be the most important clinical consideration, as it is for all oncolytic procedures. (d) The image of`apoptosis' as unitary and all-inclusive can easily be misleading. For instance, transient inhibition of one or more caspases at a critical point may protect cells and prevent their loss. Such therapy may be very promising in acute situations such as heart attack and stroke. However, we also know that inhibition of caspases may prevent cells from assuming the morphology or DNA degradation of apoptosis without actually salvaging them. Without their appropriate support mechanisms such as growth factors, cytokines, nutrients, or oxygen, they remain functionless. We also know that not all deaths are caspase-dependent or fas-dependent, and that not all follow the paradigmatic morphological sequence of the Editorial lymphocyte or thymocyte. To reiterate: several recent papers argue that, following blockage of apoptosis as detected by morphology, failure to activate caspases, or failure to generate DNA ladders, the cells simply die by another option such as autophagic or vacuolar cell death: Blockage of apoptosis is not synonymous with salvage of the cell or maintenance of cell function.
Apoptosis or apoptoses?
The problem of defining apoptosis is even more complex. To be provocative if jocular, one could argue that apoptosis is a laboratory artifact. Our understanding of how apoptosis is triggered derives heavily from cells that are easy to maintain and handle in suspension culture, and we often induce apoptosis only after we put them in manifestly pecuniary conditions, such as 1% serum. In a better environment, such as 10% serum, our efforts to induce apoptosis rarely succeed. We avoid cells that are difficult to maintain, but it is precisely those that we need to know better. With the exception of primary suspensions of thymocytes, most experiments are conducted on transformed cells. From the twentieth century to the twenty®rst century: Cell biology to molecular biology becomes molecular biology to cell biology
The latter half of the twentieth century has witnessed the rise of genetics and molecular biology, in which the original descriptive observations of programmed cell death and apoptosis have engendered a remarkable genetic analysis of the pathways available to physiological cell death. The key word is`available'. Today we recognize several pathways, understanding that, depending on context, cells may follow one or another of these pathways. The current proliferation of new death receptors and new family members of cell-deathrelated genes suggests that, rather than linear patterns, we might expect rather fuzzy lines or multi-strand ropes, with many members and participants. More often than not, the response even within a constrained pathway is highly dependent on context. This should not be surprising: in a whole animal context, we concede that the phenotype for an obesity gene is not manifest under conditions of starvation. At the dawn of a new century, it is time to turn the tools of molecular biology to the examination of the most meaningful question of cell biology, regulation. The questions that we ask today concern the context, history, and environment of a cell and how they modulate the inherent and strong pathways that exist in the macro-and microenvironment of the cell and within the cell. The neuron that dies, for instance, in Alzheimer's disease, has undoubtedly fought a long battle and has been heavily supported within its milieu, including the matrix in which it rests and contact with or molecules secreted by its neighboring neurons and glia. Programmed cell death in metamorphosis teaches us that the identifiable apoptotic phase may constitute only the final 10% of the progress to death, and that there is evidence that what is called apoptosis may be all postmortem. Developmental biology, in helping us to understand how cells contrive to control their lives, may again provide clarity to help us through the more complex aspects of pathology. We can consider this to be the challenge of the third millennium: While we can congratulate ourselves and marvel at how much we have learned, we have another 90% to study. The notion that death pathways are two-dimensional linear pathways is simplistic and outdated. Cell death is a highly complex multitude of effects and the challenge of the future is to design strategies to understand the context of dying cells.
A ®nal note: Cell Death and Differentiation and its in¯uence
We think it not a matter of preference or prejudice to state that the journal Cell Death and Differentiation has begun to achieve a level of distinction in its field. The number of papers published each year ± 9000 ± 10 000 ± might suggest that impact is randomly distributed. However, of the 10 000 papers, perhaps only 2000 receive more than two citations per year, and of those, approximately 100 are in broaderscope journals such as Nature, Cell, and Science. CDD represents a major share of the most important and leading areas. Lead articles have anticipated or helped define major trends: Mitochondria, 8/97 and 6/98; apoptosis in plants, 12/ 97; p75 NTR , 5/98; phagocytosis, 7/98; cell death in the central nervous system, 10/98; nitric oxide, 10/99 and throughout; autoantigens, 1/99; and proteases, 10/98, 4/99, and 6/99, to highlight a few. On the question of caspases, of June, 1999 and November, 1999 present both a broad overview of the field and an indication of the controversies yet to be resolved. The quality of its submitted papers is likewise noted, as the papers were well cited even prior to their appearance in MedLine.
The journal serves a function not addressed by both broader and narrower journals. Some journals, for instance, will address a specific step in apoptosis in the context of broader issues of cell biology, not dwelling on the broader meaning of that step and its consistency within the overall story of cell death. Other journals may take a more narrow view depending on the interest of the field ± for instance, epidermis, retina, intestinal epithelium, thymocytes, or sensory or motor neurons ± without aggressively addressing the issue of comparison of cell death mechanisms in different tissues. Cell Death and Differentiation specifically addresses these issues. By bringing together scientists of all stripes, the journal serves as both a forum and a guide for the developing theory of cell death, as opposed to more parochial theories based on a single model system. It is now an essential part of the field, acting as an integrating forum, representing the print version of the central meetings such as the Gordon Conference, the Keystone and Cold Spring Harbor Meetings, and meetings of the AACR, International Cell Death Society (ICDS), and European Cell Death Organization (ECDO). In just 5 years, CDD has become a requirement in the field. Our interests and directions have changed radically and at an accelerating pace in the last 30 ± 40 years, and the last 5 years have seen several new paradigms sweep through. The overview represented by CDD has provided a sense of direction and meaning as ideas change rapidly. Like other journals that originally branched from a more enveloping basic or clinical branch, the journal has become the journal of record in its field.
